We demonstrated an electric field controlled exchange bias (EB) effect accompanied with unipolar resistive switching behavior in the Si/SiO 2 /Pt/Co/NiO/Pt device. By applying certain voltages, the device displays obvious EB in high-resistance-state while negligible EB in low-resistance-state. Conductive filaments forming and rupture in the NiO layer but near the Co-NiO interface are considered to play dominant roles in determining the combined resistive switching and EB phenomena. This work paves a new way for designing multifunctional and nonvolatile magnetic-electrical random access memory devices.
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Exchange coupling between an antiferromagnet (AFM) and a ferromagnet (FM) can give rise to a unidirectional anisotropy known as the exchange bias (EB) effect.
Although it has been widely used in spintronic applications 1 , such as read heads or magnetic sensors, the inherent mechanism has not been completely understood.
Recently, electric-field (E-field) control of magnetism has received growing interest due to the attractive merits of reduced power consumption, increased integration density and enhanced functionality in spintronic devices [2] [3] [4] . Among them, E-field control of EB in AFM/FM heterostructures could lead to deterministic 180 magnetic switching, which is of great significance for information storage 3 . Besides the potential applications, E-field control of EB could also offer a technique for exploring the EB mechanism.
To our knowledge, many earlier studies of E-field control of EB were performed on magnetoelectric/magnetic heterostructures involving single phase multiferroics materials, such as Cr 2 O 3 5-7 , YMnO 3 8 and BiFeO 3 3,9,10 , which are both ferroelectric/dielectric and antiferromagnetic below their Né el temperature. For examples, with Cr 2 O 3 coupled to Pd-Co multilayers, He et al 6 claimed that it was possible to reversibly switch between two different EB polarity states at room temperature through the application of electric field and an additional applied magnetic field after magneto-electric field cooling. Wu et al 10 reported the creation of a multiferroic field effect device with a BiFeO 3 (antiferromagnetic-ferroelectric) gate dielectric and a La 0.7 Sr 0.3 MnO 3 (ferromagnetic) conducting channel that exhibits direct, bipolar electrical control of EB at quite low temperature (~ 5.5 K). However, in these studies, reversible electrical magnetization reversal has not been achieved because the modulation of EB field is less than the coercive field 6, [8] [9] [10] .
Very recently, the combination of AFM/FM exchange-biased systems and 3 ferroelectric materials 11, 12 gives a new pathway to achieve reversible 
Results
In order to achieve both significant EB and good RS performance in the present devices, two NiO layers were fabricated with different degrees of oxidation, as mentioned above. For verifying this, the XPS depth profile characterization was performed on the sample. The XPS spectra were corrected using the maximum of the adventitious C 1s signal at 284.8 eV. It is noted that the XPS experiments were carried out on the sample surface region where the top Pt electrodes have not been covered, i.e. the separation areas between the neighboring Pt electrodes. The XPS spectra were recorded respectively after etching the sample for 300 s and 500 s with the etching rate evaluated to be about 0.1 nm/s, and the probing depth is between 5 nm and 10 nm.
Therefore, the oxidation states of Ni in different NiO layers can be detected. As shown in Fig. 1(b) , the top and bottom XPS panels are corresponding to NiO(2) and NiO(1) layers, respectively. After careful fitting, all the peaks can be distinguished. (Fig. 3(a) ) and semi-logarithmic scales ( Fig. 3(b) ). The device was first underwent a "forming" process by increasing the voltage from 0 V to about 4.3 V (see the inset of Fig. 3(a) ) and then in LRS. A current compliance (Icc) of 1 mA was applied to avoid permanent dielectric breakdown of the device. After the "forming"
process, the applied voltage was reduced to zero. Afterwards, with increasing the voltage gradually from zero, the LRS changed to the HRS when the voltage was 
Discussion
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The correlation between the RS behavior and EB effect can be understood based on the conductive filamentary path model 13, 19 , according to which the conductive filament (CF) is produced during the "Forming" or "SET" step under high electric fields, and ruptured during the "RESET" step due to high current densities. It is well accepted that NiO is a p-type wide bandgap semiconductor, where the major injected carrier is a hole 20, 21 . The Joule heating effect, which facilitates the redox reaction, is most serious at local locations around the anodic interface where hole injection occurs due to diffusive transport 22 . Oxygen loss must occur at highly localized areas where holes are injected. However, when oxygen ions are lost by the redox reaction at the anodic interface, Ni interstitials (Ni •• ) can be formed through the following reaction:
(1)
The generated Ni As shown in the top panel of Fig. 5(a) , it is noted that the NiO layer in O-S contains some nanometer-sized conductive domains at highly localized areas, such as the grain boundaries (dash lines) 19 . Furthermore, first-principle calculation suggest low migration energy at the grain boundary 23 . Therefore, it is believed that Ni atoms moving along the grain boundaries provide the necessary atoms to form the CFs across the electrodes under the voltage, as displayed in the top panel of Fig. 5(b) or Fig. 5(c) . So, the CFs will be generally formed at the columnar grain boundaries (blue vertical lines) 19, 24 . However, when the CFs grow towards the cathode, they may pass 9 through the original grain boundaries to form new grain boundaries (blue non-vertical lines). Similar results can be also found in previous reports 19, 24, 25 . When the device is in O-S, due to interfacial exchange coupling between Co and NiO, EB will be established easily. Although some Ni atoms or clusters reside in the bottom NiO layer, which has been verified by the XPS results shown in Fig. 1(b After a "RESET" step, the device will enter HRS because the CFs has been ruptured. As mentioned above, the filament grows from the anode interface to the cathode interface. Therefore, the weakest part of the filament is most possibly formed near the cathode, where the localized rupture and recovery of the filament occur 26 .
This is because the Ni filament near the cathode has the highest resistance so that the Joule heating effect is most serious there. The most likely way of rupturing the percolated conducting channel is to move some of the O 2− ions from the NiO region nearby the Ni filament to the Ni filament portion near the cathode 26 . In other words, the Ni filament near the Co-NiO interface will be oxidized to NiO again during the rupture process. Therefore, as shown in Fig. 5(c) , the AFM structure near the Co-NiO interface has been almost recovered after the "RESET" step, leading to appearance of EB again as that in O-S. Since the RS behavior, i.e. the switching between "SET" and "RESET" processes, is reversible, the E-Field control of EB is also reversible.
In summary, Si/SiO 2 /Pt/Co/NiO/Pt devices have been fabricated by magnetron sputtering, in which both unipolar RS behavior and EB effect can be well controlled by electric field at room temperature. By applying certain voltages, the device can be intentionally set at "HRS" with obvious exchange bias and at "LRS" with negligible EB. Considering the conductive filaments forming and rupture in the NiO layer and near the Co-NiO interface as well, all the correlated RS and EB phenomena can be well explained. This work provides a new approach to achieve reversible E-field controlled EB, which could pave a new way to realize multifunctional and nonvolatile MERAM devices with extremely low energy consumption.
Methods
Device fabrication: The Pt/Co/NiO/Pt multilayer films were deposited by magnetron sputtering at room temperature on Si (100) substrate with native oxide on the surface.
Before the film deposition, the commercial Si wafers were diced into about 1 cm × 1 cm pieces as substrates and cleaned by proper procedures. The sputtering targets of Pt, Co and NiO were purchased commercially and their purities are all larger than 99.99%. A schematic illustration of the sample"s stacking structure is shown in Fig.   1 (a). The base pressure was lower than 5.0×10 -6 Pa and the Ar pressure was kept at 0.3
Pa during the deposition for all the metal films. A Pt film of about 50 nm was first deposited on the substrate as the bottom electrode, followed by a 6 nm Co layer made by dc sputtering. Afterwards, the first NiO layer (t 1 ~ 20 nm) was deposited by rf sputtering with pure Argon gas. In order to increase the insulation level of the film, 
